Mechanistic Insights into Lethal Lung Developmental Disorders
The Rare Informs the Common At birth, the lung circulation undergoes a remarkable transition from a high-resistance vascular bed with low blood flow in utero to a low-resistance and high-flow state immediately after birth. This dramatic physiologic response allows the fetus to successfully navigate from its prenatal dependence on the placenta for gas exchange to successful postnatal adaptation for air breathing as the lung assumes its essential role as the organ of gas exchange. This singular event represents the culmination of a successful sequence of tightly orchestrated maturational changes that occur throughout normal lung growth, which ultimately lead to the development of a mature epithelium-vascular interface that is essential for normal gas exchange. Precise coordination of lung growth involving the airways and parenchyma, especially as related to vascular development, depends on diverse and highly interactive signaling pathways whose regulation remains incompletely understood (1, 2) . In some infants, the lung circulation fails to achieve or sustain the normal decrease in pulmonary vascular resistance, leading to hypoxemic respiratory failure with pulmonary hypertension, which is known as persistent pulmonary hypertension of the newborn. Despite advances in care, however, a subgroup of term or near-term infants present with persistent pulmonary hypertension of the newborn physiology that is poorly responsive to these interventions, and die in the first days of life with evidence of lethal congenital lung disease (3) (4) (5) (6) . In this highly fatal subgroup, lung biopsy or autopsy findings often reveal a striking disruption of distal lung development, including signs of decreased alveolar architecture, reduced vascular density, signature hypertensive remodeling of arteries and microvasculature, and other features (3) (4) (5) (6) (7) (8) (9) .
Over the past 5 decades, there has been a growing appreciation of clinical and pathologic features of lethal lung developmental disorders (3). These disorders generally include histopathologic features characteristic of alveolar capillary dysplasia (ACD), acinar dysplasia, congenital alveolar dysplasia, and other forms of lung hypoplasia (3) (4) (5) (6) (7) (8) (9) . Recent advances have led to discoveries of the genetic basis underlying these disorders, including mutations or variants of FOXF-1, TBX4, and other genes, which have enabled clinicians to better discriminate these disorders by identifying factors beyond clinical and histopathologic features alone (8) (9) (10) . The most prominent of these was the discovery of FOXF1 mutations as the genetic basis for ACD, which rapidly led to an explosion of novel information regarding enhanced diagnostic approaches for neonates with severe congenital lung disease (8) .
In their most recent paper in this issue of the Journal, Ren and colleagues (pp. 1164-1176) continue to enhance our understanding of the role of FOXF-1 function during development and how disruption of this critical transcription-to-signaling pathway contributes to aberrant vascular and airspace structure, especially in neonates with ACD (11) (12) (13) . FOX proteins constitute a family of winged-helix transcription factors that act in concert with or downstream from critical signaling pathways, including through induction and stimulation of VEGF (vascular endothelial growth factor) signaling. Genetic deletion of FOXF1 reduces pulmonary endothelial cell (EC) growth and capillary numbers during development and increases susceptibility to lung injury in mice (12, 13) . Previous studies in other experimental settings have demonstrated that disruption of angiogenesis, including mechanisms related to impaired VEGF signaling, impairs airspace development (14, 15) .
Ren and colleagues extend their previous work by studying how disruption of FOXF-1 function decreases the number of c-KIT 1 EC progenitors and aberrant alveologenesis. c-KIT is expressed in EC progenitors that differentiate into mature ECs in many tissues. Using a combination of antibody staining, fluorescence-activated cell sorting, and single-cell RNA sequencing, the authors demonstrate the presence of c-KIT 1 ECs in the mouse and human neonatal lung, and that cell abundance declines in the adult. These cells do not express markers for arteries, veins, or lymphatics, and thus are likely a subset of the capillary ECs. In comparison with c-KIT 2 cells, c-KIT 1 cells show higher Foxf1 expression and their transcriptomic profile is enhanced with FOXF-1-regulated transcriptional targets. To demonstrate the functional significance of the FOXF1-cKIT 1 population linkage, the authors show that haploinsufficiency and endothelial-specific deletion of Foxf1 or cKit led to similar phenotypes of increased EC death, reduced endothelial growth, and disrupted alveologenesis. Extending their investigation from ACD to bronchopulmonary dysplasia (BPD), the authors show that c-KIT 1 EC progenitors were reduced in a neonatal mouse model of hyperoxia-induced reduction of alveolar and vascular growth, and that lung FOXF-1 and c-KIT expression was reduced in the lungs of infants who died of BPD. Remarkably, the investigators found that adoptive transfer of c-KIT 1 ECs, but not c-KIT 2 cells, through facial vein injection after hyperoxia exposure led to the integration of donor cells into host vessels and preserved distal lung architecture. This result offers a landmark demonstration of the exciting therapeutic potential of c-KIT 1 ECs for preventing BPD, which, like ACD, is characterized by impaired vessel growth and alveolar simplification.
Overall, these innovative findings remind us that the pathogenesis of ACD and other rare but lethal congenital lung disorders in term neonates is highly relevant to more common multifactorial disorders of impaired lung growth in preterm infants, such as BPD. BPD has long been recognized as a disease involving various components of parenchymal, vascular, and conducting airways, and there is a growing recognition that the vascular component of BPD exerts a major impact on disease pathobiology and severity. In addition to exposure to antenatal stress with ongoing postnatal lung injury, premature birth disrupts both vascular growth and distal airspace, which are required for effective gas exchange. In fact, inhibition of angiogenesis was shown to impair alveolar development in rodent models (14) , and lung VEGF-A and PECAM-1 expression was decreased in the lungs of infants who died of severe BPD (16) . Findings from this study provide further evidence that pulmonary vascular growth is a critical driver of lung maturation, and they suggest that therapeutic interventions to preserve the survival and function of ECs-in particular, c-KIT 1 ECs with progenitor properties-may effectively stimulate lung vascular growth, improve alveolarization, and reduce the risk of pulmonary hypertension in preterm infants. Therefore, alternative strategies to improve postnatal lung angiogenesis warrant more extensive investigation.
This outstanding work convincingly demonstrates the theme that "the rare informs the common." This is exemplified in the setting of other rare lung vascular diseases, such as heritable pulmonary arterial hypertension, in which the discovery of genetic aberrations related to BMPR2 signaling led to extensive insights into the pathobiology and potential treatment of idiopathic and more common forms of pulmonary arterial hypertension. Similarly, the exciting inroads made by the Ren laboratory not only enhance our understanding of the genetic underpinnings of lethal lung developmental disorders but also contribute to a greater understanding of more common forms of lung hypoplasia, such as observed in preterm infants with BPD, and provide exciting new leads for future therapeutic interventions. n
